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ABSTRACT 


A  model  study  was  made  on  rocket  tailoff,  using  both  annular- 
type  and  centerbody-type  auxiliary  ejectors.  The  investigation  was 
conducted  in  the  T-5BR1  Altitude  Test  Cell  with  steam  and  air  as  the 
driving  fluids  for  both  the  simulated  rocket  and  annular  or  centerbody- 
type  ejector.  Performance  was  obtained  for  the  simulated  rocket  and 
ejector  running  individually  as  a  diffuser- ejector  and  for  both  the 
simulated  rocket  and  ejector  operating  in  tandem.  The  ejector  was 
used  to  evacuate  the  test  cell  prior  to  simulated  rocket  ignition  and 
to  maintain  cell  pressure  following  simulated  rocket  tailoff. 

Both  the  centerbody-type  and  annular-type  auxiliary  ejectors 
have  the  effect  of  a  variable  area  contraction  in  the  diffuser  similar 
to  a  second  throat.  The  start  and  breakdown  pressure  ratio  was  in¬ 
creased  by  increasing  the  ejector  driving  pressure,  which  is  similar 
to  the  effect  of  reducing  the  contraction  area  ratio,  Agt/Ad,  of  a 
second-throat  diffuser. 
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NOMENCLATURE 

Cross-sectional  area  of  diffuser,  in.  2 
Cross-sectional  area  of  nozzle  exit,  in.  2 
Cross-sectional  area  of  second-throat  duct,  in.  2 
Cross-sectional  area  of  nozzle  throat,  in.  2 
Diameter  of  diffuser  duct,  in. 

Diameter  of  diffuser  second-throat  duct,  in. 

Length  of  diffuser  duct  at  diameter,  D,  in. 

Length  of  diffuser  second-throat  duct,  d,  in. 

Test  cell  pressure,  psia 
Diffuser  duct  exit  pressure,  psia 
Chamber  or  total  pressure,  psia 
Ejector  driving  or  total  pressure,  psia 
Simulated  rocket  driving  or  total  pressure,  psia 
Ejector  driving  fluid  total  temperature,  °R 
Simulated  rocket  driving  fluid  total  temperature,  °R 
Nozzle  divergent  half  angle,  deg 


SUBSCRIPTS 

act  Actual 

isen  Isentropic 
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1.0  INTRODUCTION 

Ground  facilities  present  a  problem  of  maintaining  constant  simu¬ 
lated  altitude  conditions  for  testing  rockets  throughout  the  firing 
sequence,  which  includes  the  ignition  and  tailoff  phases.  The  mass 
flow  from  the  rocket  during  the  ignition  and  tailoff  phases  varies  with 
the  rocket  driving  pressure.  Since  the  test  cell  pressure  is  directly 
proportional  to  the  rocket  driving  pressure  when  the  diffuser  is  started 
and  since  it  depends  both  on  rocket  driving  pressure  and  diffuser  exit 
pressure  when  the  diffuser  is  not  started,  a  constant  test  cell  pressure 
is  impossible  to  maintain.  As  long  as  the  diffuser  remains  started, 
the  ratio  of  cell-to-rocket  driving  pressure  remains  constant,  and  the 
change  in  test  cell  pressure  as  a  result  of  a  change  in  rocket  driving 
pressure  is  small  compared  with  the  large  increase  in  test  cell  pres¬ 
sure  during  ignition  before  the  diffuser  starts  and  during  tailoff  after 
the  diffuser  breaks  down. 

Because  reduction  of  this  ignition  and  tailoff  peak  in  test  cell  pres¬ 
sure  is  of  primary  interest,  a  model  study  was  conducted  to  determine 
if  the  instantaneous  test  cell  pressure  peak  could  be  controlled  for  a 
rocket  tailoff  by  using  either  a  centerbody-type  or  annular -type  auxiliary 
ejector.  The  test  was  conducted  in  the  Rocket  Test  Facility  (RTF), 

Arnold  Engineering  Development  Center  (AEDC),  Air  Force  Systems 
Command  (AFSC),  from  February  22  to  April  4,  1963. 

The  auxiliary-type  ejector  has  been  used  primarily  to  evacuate  the 
test  cell  prior  to  rocket  ignition  and  to  maintain  cell  pressure  following 
rocket  tailoff.  Both  the  centerbody-type  and  the  annular -type  ejectors 
allowed  the  rocket  diffuser  to  remain  started  at  a  higher  diffuser  exit 
pressure.  The  level  of  the  diffuser  exit  pressure  at  breakdown  depended 
on  the  level  of  the  auxiliary  ejector  driving  pressure.  An  increase  in 
ejector  driving  pressure  resulted  in  an  increase  in  diffuser  exit  pressure 
at  breakdown.  Both  types  of  ejectors  were  successful  in  reducing  the 
peak  pressure  on  ignition  and  tailoff,  with  the  annular-type  being  the 
more  promising.  The  apparent  advantage  of  the  annular-type  ejector 
over  the  centerbody-type  ejector  is  that  there  is  no  obstruction  in  the 
center  of  the  diffuser  like  the  centerbody  that  produces  shock  systems 
(high  losses)  in  the  high  velocity  jet  stream  from  the  rocket  nozzle  which 
may  be  supersonic,  sonic,  or  high  subsonic  even  after  the  pumping  action 
of  the  rocket-driven  diffuser  has  broken  down.  If  this  trailing  mass  does 
not  suffer  the  severe  losses  that  are  experienced  with  the  centerbody-type 
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ejector  through  strong  bow  shocks,  it  has  more  energy  when  it  reaches 
the  ejector  jet  stream  for  entrainment.  This  jet  stream  imparts  addi¬ 
tional  energy  to  the  slower  moving  molecules  that  come  from  the  rocket, 
which  prevent  the  test  cell  pressure  from  reaching  the  high  peak  that  is 
normally  reached  after  diffuser  breakdown  for  the  centerbody-type 
ejector. 

Correlation  of  model  data  and  one -dimensional  isentropic  relation¬ 
ship  between  duct-to-nozzle  throat  area  ratio,  cell-to-nozzle  total  pres¬ 
sure  ratio,  diffuser-exit-to-nozzle  total  pressure  ratio,  and  ratio  of 
specific  heats  is  shown. 

2.0  APPARATUS 


The  two  basic  diffuser-ejector  configurations  tested  were  driven  by 
the  same  axisymmetric  simulated  rocket  nozzle  concentrically  located. 
One  of  two  types  of  auxiliary  ejectors  (annular  or1  centerbody)  was  used 
in  tandem  with  the  simulated  rocket. 


2.1  SIMULATED  ROCKET  NOZZLE  PLENUM  SECTION 

A  4-in.  schedule  160  pipe  15-3/8  in.  long  welded  to  a  12-in.  flange 
was  used  as  the  simulated  rocket  nozzle  plenum  chamber.  The  simu¬ 
lated  rocket  nozzle  was  installed  on  the  plenum  chamber  by  means  of  an 
adapter  head  as  shown  in  Fig.  1.  The  nozzle  plenum  section  was  located 
in  a  sealed  plenum  or  test  cell  section  to  which  the  diffuser  was  attached. 
Typical  test  configurations  are  shown  in  Figs.  2a-c. 

2.2  SIMULATED  ROCKET  NOZZLE 

The  axisymmetric  13.  25-deg,  half-angle  conical  nozzle  had  an  exit- 
to-throat  area  ratio  Ane/A*  =  12.  25  and  a  throat  diameter  of  0.  50  in. 
Dimensional  details  of  this  nozzle  are  presented  in  Fig.  3. 

2.3  SIMULATED  ROCKET  TEST  CELL 

The  test  cell  consists  of  a  duct  12  in.  in  diameter  and  21.  00  in.  long, 
to  which  the  24-in.  -long  diffuser  is  attached  at  the  downstream  end  con¬ 
necting  the  test  cell  to  the  20-in.  -diam  exhaust  ducting. 
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2.4  DIFFUSER 

The  two  types  of  diffusers  used  were  the  constant  area  straight  dif¬ 
fuser  and  the  second-throat  diffuser.  The  constant  area  straight  dif¬ 
fuser  was  used  with  and  without  a  centerbody-type  auxiliary  ejector 
(Figs.  2a  and  b).  The  constant  area  diffuser  was  a  flanged  4.  032-in. 
duct,  24  in.  long  (see  Fig.  4).  Inside  this  straight  diffuser  was  in¬ 
stalled  concentrically  the  centerbody-type  auxiliary  ejector.  This  test 
installation  is  presented  in  Fig.  2b. 

The  annular-type  ejector  nozzle  consisted  of  a  conical  section 
placed  1.  85  in.  downstream  of  the  inlet,  forming  the  transition  to  the 
zero  length  second  throat.  The  ejector  nozzle  throat  consisted  of 
100  holes  0.  0595  in.  in  diameter  (53  wire  gage  size)  by  0.  468  in.  long 
(the  wall  thickness  of  the  diffuser)  equally  spaced  on  the  circumference 
of  the  d.iffuser  near  the  intersection  of  the  diffuser  on  the  downstream 
side  with  the  conical  section.  A  manifold  around  the  diffuser  enclosing 
the  100-hole  throat  supplied  the  driving  fluid  to  the  nozzle.  Details  of 
the  diffuser  and  annular-type  nozzle  are  presented  in  Fig.  5. 


2.5  CENTERBODY-TYPE  EJECTOR 

The  centerbody-type  ejector  consisted  of  a  30- deg,  total-angle  nose 
cone  and  a  10-deg,  half-angle  conical  nozzle.  The  nozzle  had  a  1.118-in. 
throat  diameter  through  which  a  1-in.  outside  diameter  tube  extended  to 
supply  the  driving  fluid  to  the  nozzle  plenum.  This  left  an  annular  area 
of  0.  196  3  in.  2  for  the  nozzle  throat.  The  nozzle  area  ratio  was 
Ane/A*  =  7.  54  based  on  the  reduction  in  area  by  the  one-inch  tube.  The 
centerbody  projected  area  gave  a  25.  54-percent  blockage  in  the  4.032  in. 
duct.  This  blockage  is  representative  of  the  present  RTF  ejector  in¬ 
stallations.  Dimensional  details  of  the  centerbody-type  ejector  are 
presented  in  Fig.  6. 

2.6  SIMULATED  ROCKET  NOZZLE  AND  EJECTOR  DRIVING  FLUID 

Air  from  the  VKF  4000-psi  storage  tank  or  200-psig  saturated  steam 
from  the  AEDC  central  plant  provided  the  driving  media  for  the  simu¬ 
lated  rocket  and  auxiliary  ejector  which  discharged  to  the  RTF  exhaust 
machines.  A  plenum  total  pressure  range  from  0  to  412  psia  for  air 
and  0  to  198  psia  for  steam  was  supplied  to  the  rocket  nozzle  and/or  the 
ejector  nozzle.  The  diffuser  exhaust  pressure  was  varied  from  0.  27 
to  8.  95  psia  by  means  of  a  20-in.  ,  hand-operated  gate  valve  (Fig.  2)  or 
held  constant  at  a  predetermined  value  by  the  exhaust  machines. 
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2.7  INSTRUMENTATION 

The  parameters  of  primary  interest  were  cell  pressure,  diffuser 
exit  pressure,  simulated  rocket  and  ejector  plenum  total  pressure,  and 
the  rocket  and  ejector  driving  fluid  total  temperature. 

All  pressures  were  read  on  diaphragm- activated  dial  gages  and 
recorded  on  strip  charts  by  a  null-balance,  potentiometer-type  recorder 
from  which  the  pressures  were  sensed  by  transducers.  The  gages  were 
periodically  calibrated,  and  the  readings  were  well  within  the  calibration 
range.  The  temperatures  were  measured  with  copper-constantan  thermo¬ 
couples  and  read  on  compensating  millivolt  meters.  Both  steady-state 
and  transient  data  were  taken. 


3.0  TEST  PROCEDURE 


At  the  beginning  of  each  test,  a  vacuum  check  was  made  to  detect 
any  possible  leaks  into  the  system  before  any  data  were  taken. 

The  test  objective  was  to  determine  the  rocket  start  and  tailoff  dif¬ 
fuser  performance  when  operated  in  tandem  with  either  a  centerbody  or 
annular-type  auxiliary  ejector.  The  simulated  rocket  exhaust  discharged 
into  the  4.  032-in.  constant  area  straight  diffuser  (1)  without  the  center- 
body  ejector  installed  (Fig.  2a),  (2)  with  the  centerbody  ejector  installed 
but  not  running  (Fig.  2b),  and  (3)  with  the  centerbody  ejector  installed  . 
and  running.  The  simulated  rocket  exhaust  also  discharged  into  the 
second-throat  diffuser  with  the  annular  ejector  not  running  and  running 
(Fig.  2c).  Various  combinations  were  tested  in  relation  to  nozzle 
driving  fluids.  These  combinations  are  as  follows: 


Nozzle 

Simulated  Rocket 
Auxiliary  Ejector 


Driving  Fluids 


air 

steam 


air 

air 


steam 

air 


The  performance  was  determined  for  the  simulated  rocket  and 
ejectdrs  individually  and  together  for  the  different  driving  fluids.  The 
individual  performance  was  determined  in  accordance  with  Refs,  land  2. 

When  the  simulated  rocket  and  auxiliary  ejector  were  operated 
together,  the  exhaust  pressure  was  set  at  a  value  approximately  equal 
to  0.  8  times  the  exhaust  pressure  necessary  to  maintain  the  diffuser 
started  when  the  simulated  rocket  was  operating  individually.  The 
auxiliary  ejector  driving  pressure  was  set  at  a  value  approximately 
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5  psi  above  the  minimum  driving  pressure  necessary  for  the  auxiliary 
ejector  alone  to  remain  started  when  driving  the  diffuser  with  the  above 
exit  pressure.  Rocket  tailoff  and  ignition  were  simulated  by  both  a 
stepwise  and  a  continuous  decrease  to  zero  and  increase  to  the  original 
operating  value  in  simulated  rocket  driving  pressure.  Simulated  rocket 
tailoff  and  ignition  were  also  made  with  Pex  held  constant,  while  the 
auxiliary  ejector  driving  pressure  was  reduced  below  that  necessary  to 
keep  the  auxiliary  ejector -driven  diffuser  started  when  the  simulated 
rocket  was  not  running. 


4.0  RESULTS  AND  DISCUSSION 

4.1  INDIVIDUAL  ROCKET  AND  AUXILIARY  EJECTOR-DRIVEN, 

DIFFUSER-EJECTOR  PERFORMANCE 

The  diffuser -ejector  performance  was  obtained  individually  for  both 
air  and  steam  driving  fluids  for  the  simulated  rocket  nozzle,  centerbody- 
type  ejector  nozzle,  and  the  annular-type  ejector  nozzle.  The  individual 
performance  curves  are  presented  in  Fig.  7.  The  simulated  rocket- 
driven  diffuser  and  the  centerbody-type,  ejector-driven  diffuser  gave 
essentially  the  same  cell -to -driving  pressure  ratio  corresponding  to  the 
driving  fluid  (Pc/Pt  =  0.0015  for  steam  driving  fluid  and  0.0005  < 
Pc/Pt  5  0.0006  for  air  driving  fluid).  This  approximate  equality  in 
Pc/Pt  was  expected  since  both  the  simulated  rocket  nozzle  and  centerbody 
type  ejector  nozzle  were  approximately  the  same  size.  The  nozzle  throat 
areas  were  equal  (0.  1963  in. 2)  and  the  nozzle  area  ratios,  Ane/A*,  were 
12.  25  for  the  simulated  rocket  nozzle  and  7.  54  for  the  centerbody-type 
ejector  nozzle.  The  half-angles,  0n,  of  the  simulated  rocket  nozzle  and 
the  centerbody-type  ejector  nozzle  were  13,  25  deg  (Fig.  3)  and  10  deg 
(Fig.  6),  respectively. 

The  variation  in  Pc/Pt  f°r  the  simulated  rocket-driven  diffuser 
(0.  00055)  and  the  centerbody-type,  ejector-driven  diffuser  (0.  0005)  with 
air  driving  fluid  was  probably  a  result  of  the  centerbody-type  ejector 
nozzle  having  a  smaller  divergent  half  angle  than  did  the  rocket  nozzle. 
Reference  2  shows  that  a  small  half-angle  nozzle  pumps  a  lower  Pc/Pt 
ratio  than  does  a  large  half- angle  nozzle. 

The  scatter  in  the  steam  driving  fluid  data  for  the  rocket  and 
centerbody-type,  ejector-driven  diffusers  was  such  that  no  difference 
could  be  detected  in  the  Pc/Pt  ratios.  The  scatter  was  a  result  of 
having  a  very  wet  (two  phase)  driving  fluid. 

Since  a  common  diffuser  was  used  for  both  simulated  rocket  and 
centerbody-type  ejector  nozzles,  the  duct-to-nozzle  area  ratios  were 
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approximately  equal  (Ad/A*  =  65.  05  for  the  rocket  nozzle  and  61.  03  for 
the  centerbody-type  ejector  nozzle).  The  difference  in  the  two  ratios 
was  a  result  of  the  centerbody-type  ejector  feed  tube  area  not  being 
considered  for  the  centerbody-type  ejector.  These  air-  and  steam- 
driven,  diffuser-ejector  Pc/Pj-  ratios  are  in  good  agreement  with  the 
trend  presented  in  Ref.  3. 

The  simulated  rocket-driven,  second-throat  diffuser  pumped  a 
Pc/Pt  ratio  of  0.  0006,  which  is  higher  than  the  Pc/Pt  pumped  by  the 
simulated  rocket-driven  straight  diffuser  with  and  without  the  auxiliary 
centerbody-type  ejector  installed.  This  difference  in  Pc/Pt  ratios  may 
be  a  result  of  a  slight  variation  in  size  of  the  second-throat  diffuser  and 
the  straight  diffuser  and  a  possible  leakage  into  the  test  cell.  The  posi¬ 
tion  of  the  beginning  of  the  second  throat  from  the  nozzle  exit  must  be 
great  enough  so  that  the  jet  boundary  will  not  impinge  on  the  second- 
throat  transition.  Therefore,  the  beginning  of  the  second  throat  was 
positioned  so  that  the  intersection  of  the  jet  boundary  calculated  by  the 
method  given  in  Ref.  4  with  the  diffuser  was  approximately  0.  30  in.  up¬ 
stream  of  the  beginning  of  the  second  throat. 

The  driving  pressure  ratios,  Pex/Pt>  at  start  and  breakdown  cor¬ 
responding  to  the  simulated  rocket,  the  auxiliary  centerbody  ejector,  and 
the  annular  ejector  are  presented  for  steam  and  air  driving  fluids  in 
Table  1.  The  ratios,  Pex/Pt>  f°r  fhe  auxiliary  centerbody-type  ejector 
diffuser  installation  are  lower  for  both  driving  fluids  than  the  correspond¬ 
ing  ratios  for  the  simulated  rocket  diffuser  installation.  This  was 
expected  according  to  Refs.  1  and  5  since  the  length  to  diameter  ratio, 
L/D,  for  the  auxiliary  ejector-diffuser  installation  (3.  70)  was  smaller 
than  the  L/D  for  the  simulated  rocket  diffuser  installation  (6.  26).  The 
Pex/P-j-  ratios  for  the  simulated  rocket-driven  diffuser  with  air  and 
steam  driving  fluids  when  the  auxiliary  centerbody-type  ejector  was 
installed  but  not  running  are  in  agreement  with  the  trend  presented  in 
Fig.  11  of  Ref.  3  and  Fig.  10  of  Ref.  1.  The  auxiliary  centerbody-type 
ejector  blockage  (25.  54  percent)  acts  as  a  second  throat  in  the  diffuser 
and  resulted  in  an  improvement  in  Pex/Pt  from  0.  0183  to  0.  0205  by 
allowing  the  jet  boundary  to  fill  the  duct  at  a  higher  diffuser  exit  pres¬ 
sure. 

The  annular-type  ejector  (with  a  throat  of  100  holes,  0.  0595  in.  in 
diameter)  had  a  physical  throat  area  of  A*  =  0.  2781  in. 2,  which  was 
much  larger  than  the  centerbody-type  ejector  nozzle  physical  throat 
area  (A*  =  0.  1963  in. 2).  This  annular-type  nozzle  throat  area  of 
A*  =  0.  2781  in. 2  with  a  duct  area  Ad  =  12.  77  in. 2  (D  =  4.  032  in. )  gives 
an  Ad/A*  =  45.  92.  The  Pc/Pt  performance  of  the  annular-type,  ejector- 
driven  diffuser  was  much  greater  than  the  one-dimensional  isentropic 
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Pc/Rt  (Ref-  6)  and  even  greater  than  the  centerbody-type,  ejector- 
driven  diffuser  Pc/Pt  performance.  The  ratio  of  Pc/Pt  to  the  isentropic 
ratio  for  the  centerbody-type,  ejector-driven  diffuser  and  annular-type 
ejector-driven  diffuser  for  their  respective  physical  area  ratios,  Ad/A*, 
are  as  follows: 


Type  Ejector 

Ad/A* 

(Pc/Pt>act 

(Pc/Pt)isen 

Steam 

Air 

Centerbody-type 

61.  03 

1.871 

0.  957 

Annular -type 

45.  92 

4.  277 

3.  272 

The  large  difference  in  Pc/P^  for  the  centerbody-type  and  annular- 
type  ejectors  was  probably  caused  by  the  difference  in  Ad /A*  and  the 
difference  in  pressure  losses  through  the  two  types  of  nozzles.  The 
annular-type,  ejector-driven  diffuser  configuration  had  the  smaller 
physical  Ad/A*,  which  could  account  for  a  part  of  the  higher  Pc/P-t-  ob¬ 
tained.  Since  the  driving  fluid  total  pressure,  Pt,  was  measured  in  the 
plenum  before  entering  the  100-hole  throat  (0.  0595  in.  in  diam)  nozzle, 
a  large  total  pressure  loss  possibly  occurred  through  the  100-hole  throat. 
The  throat  was  approximately  perpendicular  to  the  axes  of  the  divergent 
portion  of  the  annular-type  nozzle  (Fig.  5). 

The  Pex/Rt  ratios  for  the  annular-type,  ejector-driven  diffuser 
were  approximately  equal  for  corresponding  driving  fluids  with  the 
Pex/Pt  ratios  obtained  for  the  simulated  rocket-driven  diffuser  and  are 
presented  in  Fig.  7  and  Table  1.  This  Pex/Rt  equality  was  expected 
from  Ref.  1  since  the  effective  L/D  for  the  annular-type,  ejector-driven 
diffuser  configuration  (L/D  =  5.  15)  was  very  near  the  same  as  for  the 
simulated  rocket  diffuser  configuration  (L/D  =  6.  26).  The  effect  of  the 
contraction  due  to  the  centerbody-type  ejector  and  second-throat  blockage 
on  Pex/Rt  was  small. 

The  annular  second-throat  diffuser  had  a  physical  blockage  of 
23.  25  percent,  and  the  constant  area  straight  diffuser  had  a  physical 
blockage  of  25.  54  percent  when  the  centerbody-type  ejector  was  installed. 
The  air  performance  of  the  two  simulated  rocket-driven  diffusers  in 
Rex/Rt  at  start  and  breakdown  was  approximately  the  same  as  presented 
in  Fig.  7  and  Table  1  (Pex/Pt  =  0.  02050  for  constant  area  straight  dif¬ 
fuser  with  centerbody  blockage  and  Pex/Rt  =  0-  02152  for  the  annular 
second-throat  diffuser).  Inaccuracies  in  measurements  or  the  difference 
in  the  way  blockage  was  produced  resulted  in  a  variation  of  the  Pex/Pt 
ratios.  The  larger  blockage  (25.  54  percent)  should  allow  the  diffuser  to 
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remain  started  at  a  higher  exit  pressure  for  a  given  driving  pressure 
(or  higher  Pex/P^)  according  to  Ref.  2. 

Figure  8  presents  the  relationship  of  Pex/^t  at  start  and  breakdown 
with  respect  to  the  one-dimensional  normal  shock  total  pressure  ratio 
from  Ref.  6  (Pty/Ptx*  where  x  is  upstream  of  normal  shock  and  y  is 
downstream)  corresponding  to  the  physical  Ad/A*  for  the  two  driving 
fluids,  air  and  steam.  The  ratios  of  the  actual  Pex/Pt  to  the  one¬ 
dimensional  normal  shock  total  pressure  ratios  for  the  centerbody  and 
annular-type,  ejector-driven  diffusers  are  as  follows: 


Driving  Nozzle 

Ad /A* 

(Pex/P^act  /Fty/Ptx 

Air 

Steam 

Centerbody-type 

61.  03 

0.  596 

0.  707 

Annular-type 

45.  92 

0.  601 

0.  728 

There  is  little  difference  in  the  ratios  for  Pex/Pt  j Pty/^tx  f°r  the 
centerbody  and  annular-type,  ejector -driven  diffuser  for  the  corre¬ 
sponding  driving  fluids.  The  annular-type  ejector  has  the  higher  ratios 
(0.601  for  air  and  0.  728  for  steam).  The  actual  physical  annular-type 
ejector  nozzle  throat  area  (A*  =  0.  2781  in. 2)  was  used  to  get  the 
Ad/A*  =  45.  92  which  in  turn  gave  the  Fty/^tx  f°r  determining  the  above 
ratios.  Since  the  annular  nozzle  throat  was  essentially  100  sharp-edge 
entrance  tubes,  0.  0595  in.  in  diameter  with  length-to -diameter  ratio  of 
7.  88,  then  the  effective  throat  area  would  be  much  smaller  than  the 
physical  area  giving  a  higher  Ad  /A*.  A  higher  Ad /A*  would  give  a 
lower  Pty/Ptx-  The  lower  Pty/P^x  would  increase  the  (P ex / Pt) aci / 
(Pty/PtxK  The  discharge  coefficient  for  sharp-edge  circular  orifices 
in  thin  plates  ranges  from  0.56  to  0.79.  An  approximate  average 
(0.  70)  of  the  discharge  coefficient  range  (0.56  to  0. 79)  was  selected. 

If  the  effective  area  of  the  tubes  is  assumed  to  be  approximately  0. 70  times 
the  physical  area  (from  the  0.  70  discharge  coefficient),  then  the  effective 
throat  area  of  the  annular  nozzle  would  become  A*  =  0.  1947  in.  which 
is  approximately  equal  to  the  throat  area  of  the  centerbody-type  ejector 
nozzle  (A*  =  0.196  3  in.  2).  This  effective  annular-type  ejector  nozzle 
throat  area  gives  an  Ad/A*  =  65.59,  while  the  centerbody-type  ejector 
nozzle  had  an  Ad/A*  =  61.03.  By  using  the  Ad/A*  =  65.59  to  get  Pty/Ptx< 
then  the  new  (Pex/pt)act/(T>ty /ptx)  ratios  for  the  annular-type,  ejector- 
driven  diffuser  become  0.  849  for  air  driving  fluid  and  1. 028  for  steam. 
Since  the  centerbody-type,  ejector-driven  diffuser  installation  had  a  dif¬ 
fuser  L/D  of  3.70  and  the  annular-type,  ejector-driven  diffuser  installa¬ 
tion  had  a  diffuser  L/D  of  5.51,  then  the  new  ratio  (Pex/Tt)act  /  (Pty/Pfx) 
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(0.  849  for  air  and  1.  028  for  steam  for  the  annular-type/  ejector-driven 
diffuser  installation  is  the  more  nearly  correct  value  as  determined 
from  Fig.  10  of  Ref.  1  and  Fig.  12  of  Ref.  3. 

4.2  BREAKDOWN  PRESSURE  RATIO  IMPROVEMENT  FROM  A 
TANDEM  AUXILIARY  EJECTOR 

Since  the  purpose  of  this  test  was  to  determine  the  rocket  tailoff 
characteristics  with  centerbody-type  and  annular-type  auxiliary  ejectors 
operating  in  tandem  with  the  rocket,  the  influence  of  the  ejector  on  the 
rocket  diffuser  performance  was  pursued.  When  only  the  simulated 
rocket  was  running  (ejector  driving  pressure,  Pte  =  0),  a  single  value 
of  Pex/Pfr  at  breakdown  was  obtained  for  each  driving  gas  as  presented 
in  Fig.  7  and  Table  1.  A  further  improvement  in  Pex/Pfr  was  obtained 
by  having  flow  through  the  auxiliary-type  ejector  (annular  or  centerbody). 
If  the  auxiliary  ejector  (annular  or  centerbody  type)  was  running  at  some 
driving  pressure,  P-(-e,  (steam  or  air),  an  improvement  in  Pex/Ftr  at 
breakdown  resulted.  This  relationship  is  presented  in  Fig.  9  as  the 

f  (Pex/Pf)  ®  pte  >0  .  j  .  .  A  , 

ratio  ot  — - - — - - —  versus  ejector  driving  pressure-to-rocket 

(Pex/Pf)  @  Pte  =  0 

driving  pressure  ratio,  P^e/Ptr>  for  the  simulated  rocket  driven  by  air 
and  for  the  annular-type  and  centerbody-type  ejectors  driven  by  air  and 
steam.  The  effect  of  varying  the  ejector  driving  pressure,  Pte*  is  i*1 
effect  the  same  as  having  a  variable  second-throat  diffuser.  The  higher 
Pte  gives  the  greater  effective  second-throat  contraction  (smaller 
second-throat  duct).  There  was  essentially  no  difference  in  the  second- 
throat  diffuser  performance  (Pex/Pf)  when  the  ejector  was  driven  by 
either  air  or  steam.  The  data  fall  on  the  same  line  corresponding  to  the 
particular  type  ejector  (centerbody  or  annular)  as  presented  in  Fig.  9. 
The  simulated  rocket-driven  diffuser  with  the  auxiliary  annular-type 
ejector  remains  started  at  a  much  higher  Pex/Ptr  ratio  (or  higher  Pex 
for  a  given  Ptr)  than  will  the  rocket -driven  diffuser  with  the  auxiliary 
centerbody-type  ejector.  This  higher  Pex/Ptr  ratio  obtained  for  the 
rocket-driven  diffuser  with  the  annular-type  ejector  means  that  the 
annular-type  ejector  gives  a  greater  effective  second-throat  contraction 
than  does  the  centerbody-type  ejector  for  a  given  ejector  driving  pres¬ 
sure.  The  auxiliary  tandem  ejector  (centerbody  or  annular  type)  aids 
the  simulated  rocket  diffuser-ejector  performance  only  by  increasing 
the  operating  range  of  Pex/Pf  in  the  form  of  an  effective  variable  area 
second  throat. 

The  auxiliary  tandem  ejector  has  an  additional  function  during  simu¬ 
lated  rocket  ignition  and  tailoff.  This  function  is  to  hold  the  proper  alti¬ 
tude  during  the  ignition  and  the  tailoff  phases  of  the  rocket  firing.  Holding 
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a  constant  altitude  (cell  pressure,  Pc)  during  the  simulated  ignition  and 
tailoff  phases  with  the  auxiliary  ejector  is  impossible  since  the  rocket 
chamber  pressure,  Ptr>  controls  Pc  when  Pex  is  sufficiently  low  for 
the  diffuser  to  be  started  at  the  particular  ejector  driving  pressure.  On 
tailoff,  since  Pc  is  controlled  directly  by  Ptr  until  breakdown,  Pc  de¬ 
creases  directly  with  decreasing  Ptr  until  Ptr  becomes  too  low  to  buck 
the  relative  constant  Pex*  After  this  low  Ptr  limit  is  reached',  the  rocket 
diffuser -ejector  pumping  action  breaks  down,  which  causes  Pc  to  in¬ 
crease  as  a  result  of  the  high  pressure  jet  stream  rushing  back  into  the 
test  cell  before  the  auxiliary  ejector  can  pump  from  the  diffuser  the 
volume  of  mass  in  the  region  between  the  rocket  nozzle  exit  and  the 
ejector  nozzle  exit  (pumping  secondary  flow).  A  small  quantity  of  sec¬ 
ondary  flow  will  increase  Pc  tremendously  from  the  no  secondary  flow 
Pc  value.  Secondary  flow  on  the  order  of  one  percent  of  the  jet  pump 
driving  fluid  flow  will  cause  Pc  to  increase  to  a  value  approximately 
4  times  the  Pc  at  no  secondary  flow. 


4.3  STEPWISE  STEADY-STATE  SIMULATED  ROCKET  TAILOFF  WITH 
TANDEM  AUXILIARY  ANNULAR-TYPE  EJECTOR 


Presented  in  Fig.  10  is  a  typical  rocket  tailoff  with  the  annular- 
type  auxiliary  ejector.  The  exit  pressure  was  held  relatively  constant, 
while  the  rocket  chamber  pressure  was  decreased  in  steps  until  and 
after  breakdown.  Simulated  rocket  tailoff  data  were  obtained  while  the 
ejector  driving  pressure  was  held  constant  at  two.  different  values 
(Pte  =  209  and  151  psia  for  air  driving  fluid)  to  determine  the  effect  of 
ejector  driving  pressure  on  the  diffuser  breakdown  pressure  ratio, 
Ptr/Pex*  The  performance  of  the  rocket  driven  diffuser-ejector  both 
with  a  constant  area  straight  diffuser  (Fig.  4)  and  with  the  annular 
second-throat  diffuser  (Fig.  5)  (installation. Figs.  2a  and  c)  is  presented 
in  Fig.  10.  The  data  fall  on  a  single  line  except  after  breakdown.  This 
figure  presents  the  improvement  in  performance  obtained  by  first  adding 
a  physical  second  throat  with  contraction  area  ratio  of  Ast/Ad  =  0.  7665 
to  the  constant  area  straight  diffuser  and  then  decreasing  the  effective 
Ast/Ad  by  driving  the  annular-type  ejector  with  Pte  =  151  and  209  psia. 
The  improvement  in  Ptr  /Pex  breakdown  is  as  follows: 


Diffuser 

Constant  area 
straight  diffuser 

Second -thro  at 
diffuser  only 

Second-throat  diffuser 
and  annular -type  ejector 

Second-throat  diffuser 
and  annular -type  ejector 


Ejector  Driving 
Pressure,  Pte 

No  ejector 
installed 

Ejector  not 
running 

151 

209 


Ptr  /Pex 
at  Breakdown 

54.  64 
46.  46 

28.  10 
22.  50 
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The  straight  portion  of  the  curve  indicates  the  direct  variation  of 
Pc  with  Ptr  as  long  as  the  diffuser  is  started.  As  ~P^T  decreased  lower 
than  the  breakdown  rocket  driving  pressure  but  before  it  reached  zero 
for  the  set  exit  pressure,  the  cell  pressure  increased  to  a  point  a  little 
higher  than  the  value  obtained  when  the  rocket  driving  pressure  was  zero 
(ejector  only  running).  After  rocket  breakdown,  the  remaining  flow  of 
the  rocket  until  Ptr  reached  zero  was  secondary  flow  to  the  annular-type 
ejector.  This  secondary  flow  allowed  Pc  to  increase  higher  than  the 
zero  secondary  flow  Pc  of  the  ejector.  As  the  secondary  flow  was  de¬ 
creased  (pumped  out  of  the  cell  by  the  ejector),  Pc  decreased  to  the 
ejector  zero  secondary  flow  Pc  corresponding  to  the  cell-to-ejector 
driving  pressure  ratio,  Pc/Pte,  in  Fig.  7. 

When  steam  was  used  as  the  ejector  driving  fluid,  the  test  cell  pres¬ 
sure  data  should  have  been  in  line  with  the  air  data  since  the  rocket  was 
driven  by  air.  However,  steam  ejector  data  were  much  higher  than  the 
air  ejector  data.  Since  the  steam  was  a  two-phase  fluid  (very  wet)  after 
the  expansion  through  the  nozzle  and  since  the  rocket  was  not  running 
when  the  annular -type  ejector  driving  fluid  was  first  increased,  conden¬ 
sation  was  forced  into  the  test  cell  --  especially  when  the  annular  ejector 
breakdown  was  determined.  Evaporation  of  the  condensate  limited  the 
cell  pressure  when  the  rocket  was  started.  If  the  rocket  had  been  run¬ 
ning  before  the  ejector  was  started,  the  steam  could  not  have  reached 
the  test  cell,  and,  thus,  the  steam  ejector  data  might  have  been  in  line 
with  the  air  ejector  data.  The  breakdown  point  is  also  lower  than  it 
should  be  as  obtained  from  Fig.  9. 

4.4  STEPWISE  STEADY-STATE  SIMULATED  ROCKET  TAILOFF  WITH 
TANDEM  AUXILIARY  CENTERBODY-TYPE  EJECTOR 

Rocket  tailoff  data  were  taken  for  the  centerbody-type  ejector  con¬ 
figuration  (Fig.  2b)  and  are  presented  in  Fig.  11  along  with  the  rocket 
and  annular-type  ejector  air  performance  curve  from  Fig.  10.  The 
performance  of  the  constant  area  straight  diffuser  without  the  centerbody- 
type  ejector,  the  constant  area  straight  diffuser  with  the  centerbody-type 
ejector,  and  the  constant  area  straight  diffuser  with  the  centerbody-type 
ejector  operating  at  various  driving  pressures  is  presented  in  Fig.  11. 
When  the  rocket  was  running  without  the  ejector  running,  the  data  fall 
on  the  rocket  and  annular-type  ejector  performance  line  from  Fig.  10. 

Again  the  variable  second-throat  effect  is  evident  by  first  installing 
the  centerbody-type  ejector  in  the  constant  area  straight  diffuser  and 
then  running  the  ejector  with  various  driving  pressures.  The  higher 
ejector  driving  pressure  results  in  a  greater  effective  contraction  which 
gives  the  lower  P^r/Pex  (allows  the  diffuser  to  operate  at  a  higher  exit 
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pressure)  .  The  dashed,  almost  vertical,  lines  indicate  breakdown.  Un¬ 
like  the  steam-driven,  annular-type  ejector  data  presented  in  Fig,  10, 
the  steam-driven,  centerbody-type  ejector  data  fall  in  line  with  the 
air-driven,  centerbody-type  ejector  data  (Fig.  11).  Both  the  air  and 
steam-driven,  centerbody-type  ejector  test  cell  data  were  higher  than 
were  the  air-driven  rocket  performance  data  when  the  ejector  was  not 
running.  A  possible  explanation  for  this  difference  in  performance  is 
that  condensation  could  have  gotten  into  the  test  cell  from  the  manner  in 
which  the  rocket  and  ejector  were  run.  The  air-driven  rocket  driving 
pressure  was  varied  through  breakdown,  while  the  steam-driven 
centerbody-type  ejector  driving  pressure  remained  constant.  During 
this  time  of  diffuser  breakdown,  condensation  was  allowed  to  collect  in 
the  test  cell.  This  is  evident  from  the  decrease  in  the  ejector  driving 
pressure,  Pte.  to  100  psia.  The  data  moved  closer  to  the  annular 
ejector  data  line. 

From  this  stepwise  rocket  tailoff,  data  for  Pte  =  244  psia  after 
breakdown  indicate  that  Pc  increased  rapidly  to  a  value  much  higher 
than  that  which  the  ejector  alone  gives  for  the  P^e  =  244  psia.  The  Pc 
calculated  from  Fig.  7  for  the  Pte  =  244  psia  is  0.  122  psia,  which  gives 
Pc/Pex  =  0.  03675.  This  point  is  plotted  in  Fig.  11  for  Ptr  =  0  (rocket 
not  running). 

The  rocket  was  driven  by  steam  to  simulate  hot  rocket  gas,  and 
the  centerbody-type  ejector  was  driven  by  air  at  different  pressure 
levels,  Pte,  during  stepwise  rocket  tailoff.  This  rocket  tailoff  per¬ 
formance  is  presented  in  Fig.  12.  The  trend  of  the  performance  with 
a  steam-driven  rocket  and  air-driven  ejector  is  similar  to  that  ob¬ 
tained  with  the  air-driven  rocket  and  an  air  and  steam-driven  ejector 
as  shown  in  Figs.  10  and  11,  respectively.  The  data  follow  a  straight 
line  as  long  as  the  diffuser  remains  started.  As  the  ejector  driving 
pressure  is  increased,  giving  a  greater  effective  second-throat  con¬ 
traction,  the  operating  range  of  the  diffuser  is  increased  by  decreas¬ 
ing  P-tr/Pex  (allowing  the  diffuser  to  operate  at  a  higher  exit  pressure). 
Unlike  the  air-driven  rocket  performance,  the  steam-driven  rocket 
performance  at  breakdown  was  an  instantaneous  cell  pressure  increase 
to  approximately  10  times  that  before  breakdown.  When  the  rocket 
pressure,  Ptr,  was  reduced  to  zero,  approximately  5  minutes  were 
required  after  diffuser  breakdown  before  the  ejector  could  pump  the 
cell  pressure  to  the  level  corresponding  to  the  driving  pressure,  Pte> 
obtained  from  the  performance  presented  in  Fig.  7.  This  high  cell 
pressure  peak  and  the  time  period  required  to  pump  the  proper  cell 
pressure  after  breakdown  were  a  result  of  condensation  (from  the 
steam-driven  rocket)  in  the  test  cell  after  breakdown. 

The  slope  of  the  started  portion  of  the  steam-driven  rocket,  air- 
driven  ejector  tailoff  curve  is  different  from  that  of  the  steam-driven 
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rocket  performance  presented  in  Figs.  7  and  12.  The  rocket-driven 
diffuser  performance  in  Fig.  7  was  obtained  at  a  constant  driving  pres¬ 
sure,  P-tr  =  190  psia,  and  represents  the  constant  Pc/Pt  relationship  of 
0.  0015,  whereas  in  Fig.  12  the  rocket  pressure  was  decreased  to  break¬ 
down  and  then  to  zero  for  various  ejector  driving  pressures.  The  total 
temperature,  Ttr,  of  the  steam  driving  fluid  decreased  approximately 
100°F  as  the  driving  pressure,  Ptr>  decreased  toward  breakdown.  This 
decrease  in  temperature  caused  the  Pc/Ptr  (°r  Pc/Pex>  where  Pex  is 
constant,  to  be  high)  ratio  to  increase  by  approximately  80  percent  as  a 
result  of  the  expansion  of  an  increasingly  wetter  fluid  (two-phase  fluid 
expansion).  Saturated  expansion  phenomenon  is  discussed  in  more  detail 
in  Ref.  7. 

4.5  TRANSIENT  SIMULATED  ROCKET  TAILOFF  WITH  TANDEM 
AUXILIARY  CENTERBODY-TYPE  EJECTOR 

The  rocket  tailoff  data  previously  discussed  and  presented  in 
Figs.  10,  11,  and  12  were  for  a  simulated  rocket  tailoff  through  step¬ 
wise  steady-state  decrease  in  rocket  driving  pressure  at  various  ejector 
driving  pressures  with  the  diffuser  exit  pressure  held  constant  near  dif¬ 
fuser  breakdown  when  only  the  rocket  was  driving  the  diffuser.  A  more 
nearly  simulated  rocket  tailoff  study  was  made  for  an  air-driven  rocket 
and  steam-driven  ejector  by  continuously  decreasing  the  rocket  driving 
pressure  to  zero  while  the  cell,  rocket,  ejector,  and  diffuser  exit  pres¬ 
sures  were  recorded  on  null-balance,  potentiometer -type,  strip-chart 
recorders.  A  typical  transient  of  rocket  pressure,  Ptr>  is  presented  in 
Fig.  13.  The  Ptr  was.  decreased  from  approximately  300  psia  to  0  in 
approximately  12  sec.  The  simulated  rocket  tailoff  transients  were 
made  for  various  ejector  driving  pressures  both  with  diffuser  exit  pres¬ 
sure  sufficiently  low  so  that  the  ejector  was  started  when  the  rocket  was 
off  (Ptr  =  0)  and  with  Pex  high  enough  so  that  the  ejector  was  not  started 
when  the  rocket  was  off.  Figure  14  presents  these  transient  data  both 
for  rocket  tailoff  and  ignition. 

The  various  ejector  driving  pressures  produced  the  variable  effec¬ 
tive  second-throat  in  the  same  manner  as  was  found  in  the, stepwise 
steady-state  data  presented  in  Figs.  10,  11,  and  12.  The  stepwise 
steady-state  data  are  in  good  agreement  with  the  transient  data  as  pre¬ 
sented  in  Fig.  14;  this  indicates  apparently  no  time  lag.  The  diffuser 
breakdown  was  in  agreement  with  the  breakdown  determined  from  Fig.  9 
for  the  various  ejector  driving  pressures.  The  breakdown  pressure 
ratio,  Ptr/Pex>  was  set  by  the  ejector  driving  pressure,  fixing  the 
effective  second-throat  area.  If  the  ejector  driving  pressure  was  suf¬ 
ficiently  high  for  starting  the  diffuser  for  the  particular  exit  pressure. 


13 


AEDC-TDR-63-188 


the  cell  pressure  peaked  at  a  value  approximately  four  times  the  Pc 
before  diffuser  breakdown  as  Ptr  was  decreased  to  zero.  The  Pc  peak 
was  in  no  case  eliminated  even  if  the  diffuser  exit  pressure  was  much 
lower  than  that  required  at  breakdown  during  the  transient  rocket  tail- 
off.  The  Pc  peak  is  a  characteristic  result  of  an  auxiliary  ejector 
changing  from  a  jet  pump  (pump  secondary  flow)  after  breakdown  but 
before  the  rocket  chamber  pressure  reaches  zero  to  a  diffuser-ejector 
(pumps  no  secondary  flow)  when  the  rocket  chamber  pressure  is  zero. 
The  peak  may  be  damped  by  having  the  auxiliary  ejector  just  as  close 
to  the  nozzle  exit  as  possible  without  affecting  cell  pressure  so  that  the 
volume  between  the  rocket  and  ejector  is  a  minimum. 

The  ignition  portion  of  the  curve  (Ptr  increased  from  zero)  in  Fig.  14 
is  similar  to  the  tailoff  portion.  The  diffuser  start  and  breakdown  pres¬ 
sure  ratios,  Ptr/Pex>  are  essentially  the  same  for  the  corresponding 
ejector  driving  pressure.  During  ignition  (as  in  tailoff)  the  cell  pressure 
first  increased  and  then  decreased  as  the  rocket  driving  pressure  in¬ 
creased  before  the  diffuser  started. 


4.6  COMPARISON  OF  THE  ANNUAL-TYPE  AND  CENTERBODY-TYPE 
EJECTOR  PERFORMANCE 

The  annular -type  ejector  appears  to  give  better  performance  than 
the  centerbody-type.  The  rocket  and  annular -type  ejector  tailoff  per¬ 
formance  curve  presented  in  Fig.  10  is  shown  as  a  dashed  line  in  Fig.  14. 
The  cell  pressure  peak  for  the  rocket  and  annular-type  ejector  perform¬ 
ance  is  not  as  high  as  that  obtained  with  the  centerbody-type  ejector. 

The  breakdown  pressure  ratio,  Ptr/^ex*  was  lower  for  the  same  ejector 
driving  pressure  for  the  annular-type  ejector  than  it  was  for  the 
centerbody-type  ejector. 

The  apparent  advantage  of  the  annular-type  ejector  over  the 
centerbody-type  ejector  is  that  there  is  no  obstruction  in  the  center  of 
the  diffuser  such  as  the  centerbody  that  produces  shock  systems  (high 
losses)  in  the  high  velocity  jet  stream  from  the  rocket  nozzle  which  may 
be  supersonic,  sonic,  or  high  subsonic  even  after  the  pumping  action  of 
the  rocket-driven  diffuser  has  broken  down.  Since  there  is  no  bow  shock 
in  the  high  velocity  region  (centerline  of  diffuser),  the  trailing  mass  from 
the  rocket  in  the  annular -type  ejector  configuration  has  less  energy  loss 
than  the  centerbody-type  ejector;  therefore,  the  trailing  mass  reaches 
the  ejector  jet  stream  for  entrainment  at  a  high  energy  level.  The 
ejector  jet  stream  imparts  additional  energy  to  the  slower  moving  mole¬ 
cules  of  the  rocket  trailing  mass.  This  higher  mass -energy  level  for 
the  annular-type  ejector  prevents  the  test  cell  pressure  from  reaching 
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the  high  peak  that  is  normally  reached  after  diffuser  breakdown  for  the 
centerbody-type  ejector.  It  appears  that  improvement  on  the  design  of 
the  annular-type  ejector  can  greatly  improve  the  performance  in  the 
transition  region  during  rocket  tailoff.  A  continuous  annular  smooth 
approach  to  and  from  the  throat  in  line  with  the  flow  will  drastically 
reduce  the  pressure  losses  through  the  nozzle  and  will  result  in  better 
nozzle  performance. 

The  design  of  the  annular-type  ejector  used  in  this  investigation 
(Fig.  6)  and  the  first  of  the  two  sketches  shown  below  could  be  greatly 
improved  by  going  to  a  design  similar  to  the  second  sketch  shown. 


This  design  would  have  essentially  parallel  exit  flow  from  the  annu¬ 
lar  nozzle  exit.  Reference  4  indicates  that  the  no-secondary-flow 
Pc/Pf  ratio,  which  a  parallel  exit  flow  nozzle  (0n  =  0)  can  pump  in  a 
diffuser,  is  much  lower  than  that  ratio,  Pc/Pt,  which  a  conical  nozzle 
can  pump  for  the  same  Ad/A*  (on  the  order  of  1/3  of  the  conical  nozzle 
Pc/Pt  for  0n  =  18°).  If  this  improvement  could  be  realized  in  an  annular- 
type,  ejector-driven  diffuser  for  parallel  exit  flow  (design  shown  above), 
then  based  on  the  no -secondary-flow  performance  for  the  annular-type 
ejector  presented  in  Fig.  10,  the  improvement  would  bring  the  no¬ 
secondary-flow,  annular-type,  ejector-driven  diffuser  performance  in 
line  with  the  centerbody-type,  ejector-driven  diffuser  performance. 
According  to  unpublished  data  preliminary  investigations  indicate  that  a 
small  quantity  of  secondary  flow  will  increase  the  Pc/Pf  ratio  perform¬ 
ance  of  a  diffuser  driven  by  a  small  half-angle  (©n)  nozzle  more  than  it 
does  a  diffuser  driven  by  a  large  half-angle  nozzle  [(Pc/Pf  without 
secondary  flow) /(Pc/Pf  with  secondary  flow)  ratio  is  lower  for  nozzles 
with  small  half  angles,  ©n]  .  This  loss  in  performance  may  cause  the 
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difference  between  the  peak  cell  pressure  on  rocket  tailoff  and  the  no¬ 
secondary-flow  cell  pressure  (Ptr  =  0)  to  be  higher  than  that  experienced 
in  rocket  tailoff  with  the  annular-type  ejector  performance  presented  in 
Fig.  10,  but  the  peak  cell  pressure  is  not  expected  to  be  as  high  as  it 
was  for  the  annular-type  ejector  investigation. 


5.0  SUMMARY  OF  RESULTS 


The  results  of  the  model  study  of  rocket  tailoff  with  auxiliary 
(centerbody  or  annular-type)  ejector  are  summarized  as  follows: 

1.  The  auxiliary  tandem  ejector  (centerbody  or  annular-type 
regardless  of  type  of  driving  fluid)  aids  the  air-driven  rocket 
diffuser-ejector  performance  by  increasing  the  diffuser  exit- 
to-total  pressure  ratio,  Pex/Pt,  operating  range.  This  in¬ 
crease  is  made  possible  by  varying  the  ejector  air  or  steam 
driving  pressure  which  changes  the  effective  second-throat 
contraction,  ratio,  Ast/Ad,  and  thus  provides  an  effective 
variable  area  second  throat. 

2.  The  annular-type  auxiliary  ejector  allows  the  rocket-driven 
diffuser  to  remain  started  at  a  diffuser  exit-to-total  pressure 
ratio,  Pex/Pt>  as  high  as  1.  50  times  the  Pex/Pt  ra-tio  allowed 
by  the  centerbody -type  auxiliary  ejector  when  driven  by  the 
same  ejector  driving  pressure,  Pte-  This  higher  Pex/^t  ratio 
before  diffuser  breakdown  obtained  with  the  tandem  air  or 
stream  driven  annular-type  ejector  over  the  tandem  air  or 
steam  driven  centerbody-type  ejector  resulted  from  the  appar¬ 
ently  greater  effective  second-throat  contraction  (Ast/Ad 
smaller)  produced  by  the  annular-type  over  the  centerbody- 
type  ejector. 

3.  A  decrease  of  as  much  as  100°F  in  steam  driving  fluid  tem¬ 
perature  as  the  driving  pressure  was  decreased  for  rocket 
tailoff  resulted  in  an  increase  in  cell-to-rocket  chamber  pres¬ 
sure  ratio,  Pc/P^r,  of  approximately  80  percent.  This  per¬ 
formance  is  characteristic  of  the  expansion  of  an  increasingly 
wetter  driving  fluid  (two-phase  fluid  expansion). 
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TABLE  1 

SUMMARY  OF  TEST  DATA 


Pc/Pt 

0. 00055 

0. 00055 

0. 00060 
0. 00050 
0. 00255 

II.  Steam  Driving  Fluid 
INSTALLATION 

Rocket-driven  diffuser  with  centerbody- 


type  ejector  installed . 

0.02550 

0. 00150 

Centerbody-type,  ejector-driven 
diffuser . 

0. 01950 

0. 00150 

Annular-type,  ejector-driven,  second- 
throat  diffuser . 

0. 02630 

0. 00500 

Air  Driving  Fluid 

INSTALLATION 

Pex/Pt 
at  Breakdown 

Rocket- driven  diffuser  with 
centerbody-type  ejector  installed  .  . 

0. 02050 

Rocket -driven  diffuser  with  no 
centerbody-type  ejector  installed  .  . 

0. 01830 

Rocket -driven,  second-throat, 
annular-type  ejector  diffuser  .... 

0. 02152 

Centerbody-type,  ejector-driven 
diffuser . . . 

0. 01550 

Annular-type,  ejector- driven,  second- 
throat  diffuser . 

0. 02050 
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b.  Constant  Area  Straight  4.032-in,  Diffuser  with  Centerbody-Type  Auxiliary  Ejector 
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c.  Second-Throat  Diffuser  with  Annular-Type  Auxiliary  Ejector 
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Fig.  8  Diffuser-Ejector  Average  Pressure  Ratio  Required  for  Starting 
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Fig.  9  Air-Driven-Rocket,  Diffuser-Ejector  Breakdown  Pressure  Ratio  Improvement  with 
Increasing  Ejector  Driving  Pressure 
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Fig.  10  Air-Driven-Rocket,  Stepwise  Steady-State  Tailoff  with  Auxiliary  Annular-Type  Ejector 
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Fig.  11  Air-Driven-Rocket,  Stepwise  Steady-State  Tailoff  with  Auxiliary  Centerbody-Type  Ejector 
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Fig.  13  Typical  Transient  of  Rocket  Pressure,  Ptr 
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Fig.  14  Air-Driven-Rocket  Transient  Ignition  and  Tailoff  with  Auxiliary  Centerbody-Type  Ejector 
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